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Abstract

Data often include missing values due to various reasons. If the missing data mechanism is not MCAR,
analysis based on fully observed cases may an estimation cause bias and decrease the precision of the es-
timate since partially observed cases are excluded. Especially when data include many variables, missing
values cause more serious problems. Many imputation techniques are suggested to overcome this difficulty.
However, imputation methods using parametric models may not fit well with real data which do not satisfy
model assumptions. In this study, we review imputation methods using nonlinear models such as kernel,
resampling, and spline methods which are robust on model assumptions. In addition, we suggest utilizing
imputation classes to improve imputation accuracy or adding random errors to correctly estimate the vari-
ance of the estimates in nonlinear imputation models. Performances of imputation methods using nonlinear
models are compared under various simulated data settings. Simulation results indicate that the perfor-
mances of imputation methods are different as data settings change. However, imputation based on the
kernel regression or the penalized spline performs better in most situations. Utilizing imputation classes or
adding random errors improves the performance of imputation methods using nonlinear models.
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2% 3T o= AN W) Astel FZAE AZHE FAHA RIS
1% Ag3tol HAIE AABHE Tl Aol ek o) wl, Agshe B whek FRUA, 3
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A2 HAY

missing data mechanism)¢] ¢]&3=t]| Little¥} Rubin (2002)2 2E&At8 HAUSZSE 42

(MCAR), ¥9] 2= (missing at random; MAR), ] ¥} €] A3 (missing not at random; MNAR) S 2
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Aol delAae A% BT ARol: 92T 4 gou} A2 Amolt Aol AN
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Yimis,i = #(obs) ™ Z Y;. (1.1)

j€Eobs
A% FANA = WS Vol AR XEH] A3 A #AE P sto] vt 2ol thAlgt.
Ymis,i - XzB, (12)

71N f& A Y9 B3E Y9 ex9] AFFel Aast FA s Fo® B = (X Xows) !
besYobsgi EAS 5 Ju}. o] ), B 2AL vy} BEHE AAS DS o)Ly AFAT AFA,

M3, 5948 5 A3 IARY 7HEE OEslof St o] ML Yo ASXE 2SS WA
_°_]”C HL% oY o] o &0l 215 Tsl= &2 3] A (stochastic regression imputation) &2 A
£ AT o5ty 54 IAHAE B8 HolE REGSHA] ool X9 Rato] Ta FHHE 4

(1.2)°l] &3t thale] EAE Adstr] Ag dHes, thAlE gl Ew 0, 39 A E4ks 7=
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u]gte} (Littles} Rubin, 2002).

BAAN BYPS AYstA] Far AET AFE e e AR FEe By

deck) AL} ZE9 (colddeck)BJA 5ol ATk o] F £3] Ag5E FAYAE o
ke Bol AZFS A Ptk g nesd seoAls Tegle) Bte Q)
35U B T NS Vol AES BAE Y

i

n:i
a%
o
iy
o
EH
r
et
+
30
T

i

g
&
|
=]
o
12
<.
2
-+
2
e}
L]
S
o
o
=N
£
3
3
=
o
o
w0
Z
L
—
=
w0
=«

oJglolE A, Az ge WY WLES /E0D Had ATL A AAER AL m-
putation class) = =
o}, Q4 WMEER VAL A

A% A 22 B BYES o83 A e v Y] A4 diolH %A e 5+ Sl
#5H g SolA shte ARsHAl Fot tiAlshs St tiAlE W3t BAE A sl € ¢ ok



A comparison of imputation methods using nonlinear models 545

= SAZE Aok old BES JNAsH] 8l theFst v E oAl RSl AFE itk Titterington¥}
Sedransk (1989)+ &Y} A thA] 4l ALREE o83 TdhAo] 245 Y+ HETH
A R AGE 83 FEUA IS ARkl Cheng (1994)2 W47 B S 12l o
59 S =017 A3te] Nadaraya (1964)9] Ad 37 FAHFES o &3] H|EFHA tiAIE HAl
3= g IAUA WES AlokstE. Titterington3} Sedransk (1989)9] #d-& &89t st oA 7}
HEE Alole] A FAE g slA] F3ttles A3 Cheng (1994)0] A|¢kst Ad SAdA 7 A
o MRS HSETE A FAAE 7P st BAIE S NASIA Aerts 5 (2002)2 A3 BIESEQ
B 22 2]8E 9 (local resampling) & ©]-83F A E AlTstqict. =3, 5 W4 AP BAE
Holm Q% et wAE AT L A9 Bd nus Mnsd nde AY A P
WHE 53 ZSHAE Wang 5 (2004)°) &3] 4% itk thtle—‘J- An (2004)2 2528 WAUS
o] Qo AdEc] HEF Al By & Al¢v AFE 16t 25 A5 A Bes Al R
3}ls w] 2¥e] 2 XA (misspecification) o] WA 5= Qlomz o] d JFgFS VT E HH ~Zg)

¢l (penalized spline)& ©]-&3 25X tiA|E A Fat3irt.
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AA =E dlolEl 7t X&F YTH APAE BEdthe B3 & ¢ glth oo B AfoX = X F7HA
2709 A, PAEE, FEF 283 25 FE 83 vHE 253 diA IES gRet
ol 7128 WiEol 7HAE SHAE RSt 3 e Atk 2182 2587 & o
] AollA ARkt 5714 W ES AL 2.6 8 HE 2882 B Ao A= 7] = &
&gt A ES Agett
2.1. Hds &8st U
Titterington¥} Sedransk (1989)+ B A (4 (1.1))7} BRG] FHF7; FEAE= v|HT FAHHFS
AT +2 AT F7o] Ear FHNM= Aol S71E¢e FE3ATh ol F fdstuAt Ad
o
o b

Aste StEiA e Adsek. AA HA N7} F &=51 A
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o] Wl FEHSF 5+ ATEHAHY, BF Y FEEEX K()E a2y [uK(u) =
fuZK( du < co°]lH h= t Y= (bandwidth)S o] u] 3t} D]-/\] 3], o] A WHS 7‘] é% o] 83
FA49 2] Ug4,

2.2. A< 27|

Cheng (1994)& Nadaraya (1964)2] A9 3171 F4%& L8al thaa} 2ol 2528 halshe Wy
< At
SN, Kn(X = X0)8:Y;

Vinis,i = . (2.3)
SN Kn(X — X,)6

ol ul, Ki(X)=h""K((X)/h)olt}

2.3. 2Z UHA|

Titterington®} Sedransk (1989)2] #d& 83t sqEtA = H,E 7] AFAAGE wbI3HR] E3hy
Cheng (1994)°] A|Fg A SAANA= dgHase} Wit A% BAE 7HE 80 H4E33 34
= ukodstul A %F‘(js] H R A B o2 A Aerts 5 (2002)2 22 MEHE o3 gAS
Agratgiet. dae|Ee ot 2ol 22 ST H 254 A, F DAz It

A1 A5R i=1,...,n0 A 6 =19 o, 9] B2 L(X))A Vi, & FESH
ij NI{Y; <Y} (2.4)

o) wh w;(X) = {6, Kn(X — X;)}/ {231 o6 Kn(X — Xi)}ol 3L Kn(X) = h™ K ((X

SA 2 SA 1ol T3 (X, Y, 6)E A (24)8 ol &3 EE LYN(X)E L gy
H5d Akl ofd AA R i=1,... NIl et R2E FAA 6 =09 Viis B B2

LX) A FZE8to] thA et
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Wang 5 (2004)& A¥EH MELAQ BYS FUstel B Ao Wpt AYRINAL A
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4 233ete] 2E5 S e £244 Al ®H (semiparametric imputation)< A %3131
A S "‘_ FEH AHE WS E X2, HESA B AR Bige TE JYsid 25
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4714 fe ool AL BEse § grom P,
n n n T
min (Sz K - Wj T Y] - Xl - Wj T Xj
3o (- Fmenm) - (x-S o}
ol Wh, W(T) = {K((T —T3)/m)} /{37, ;K (T — Ty)/h)} oIk

2.5. @ A320IS 0|88t 25

i
LittleZ} An (2004) W ~Zelole 283 227 BAS AdsA;. ~Zghl Wie njs
(knots)= ©]-§3] FAT AP o] ZFedtA R w5 U wWol AAsH = F A ek —cxﬂﬂ 7
=], 84 ~&2 (Eilers®} Marx, 1996 oA Aol AHES o] 8% HA FE AT
A 22}l o) HEBE (smoothness) S 2 A5 o] BAIE /M3 Whgoltt. 7129 A=l &
2] ole]e] A3} Zro] ¥ A (penalty) o] 2718 S H43eH= Al 0, S FolET).

S = Z(Y Zaj Xz,q> +A i(Maj){ (2.6)
j=k+1

N flo -
=

o714 B;(X:)E FolR X;olA q degree?] jWA] B-spline?] zt2 ojujdit}y. N} s 7zt #3)9
42} B-spine?] ID} AE o2 FFEE s HH AZE o] g EEE & AYsiui
S B o] g ndgor A=K A7 7Fss.

03 Azelg o8 A3 tAoIE AN 2, 409 ASE BRel) SAa) Lk} g B

3 (generalized additive model)& &8 3+ Marx2} Eilers (1998)2] ‘ﬂo WS AL 4 9t} Littled} An
(2004) 2 volrt Bl 57} Wold ul AT A2 AF BAS AU A3 BH 2Feta
A EHZﬂ "4 (penalized spline propensity prediction imputation)% A|FsFATE L] &
WeErow M AZalols Agsls tlle] Axie] Aekdss Wi AZalel malo] Al U
FHFE AP o7 A7t AHDY AF FAE s Asiitt. S,

_l

Ymis,i =s(P*) + g(Xizs ..., Xip), (2.7
714, P* = logit[P(d = 1|X1,...,Xp)]0)2 s(P*)= BF AZg<l glolth. tEFAA BAES 3
3t7] A&l g(-)oll AA THF F e Ao, dHolXe PPE & 5 §lo] 2A2Y FAE o1&
3t AFHTE A8 ARt

2.6. UHIScHAE LS &30t SHUA

7122] Titterington¥} Sedransk (1989)2] #gd& &
LAE HaFo] 253 tAleH] w2l Yoo W7 e s A5E gos Uﬁiﬂg g0
Atk wEtA B A3eAs X 2 HeE 07}%}:'% 7|1&o g 272

A Titterington¥} Sedransk (1989)9] W& &-83= 2HE Al Q}?}r/]—

2.7. EH 7€ |7t

Cheng (1994)9] 719 ST TIAEL A 714 o) Zrozw oA 7) dhze] Vo) W] Haia
o oold A Adstu B AL A 8 2R BF 09 AFREE Bt 048 o
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Fo] AZAE YA 54 A9 37Ul A (stochastic kernel regression) ¥HH-S& T3} Zo] A<t

Viwis.i = Z%l En(X Z X)o¥s | (0, Var (v - 7)) (2.8)
2oim1 Kn(X — Xi)d
wet, AFEES ohd WA AAE Tshre] AZAE AT £E Uk 5, B59 ¢5) 249 @
o] zpo] Foll AMHBHA shts ol AR kol ot WHoE
SN Kn(X — X))6Y;
St Kn(X — Xi)d;

o2 ZZXE YAsttt. 97| A deviance; = #FEZH e A F U= o n|dict

Vinis,i = + deviation; (2.9)

2.8. SEH U= A=cl0l LA

I A Agei A Aol IAE Helae U

Yimisi = $(P*) + g(Xa, ..., X,) + deviation; (2.11)
< Attt 2,783 Zo] 09 BFEEE WE= AL HlE = YA EAFS F3)
8} Zol AAE HallF= el v AE3% e g A Elst] AFEEE HEs A5 H

3.1. BojAlS M

olg] 7kA] Al 71¥e] e vladty] 9ol thet 22 AMS 1ejste] A5 AT 29
A% 1-49] AA = Zhang Little (2011), 2] A& 5% Kang¥} Schafer (2007)8] AAE F1stqic).

1. #8o] F7)0 wpe} Adso] 2bo|7} U] AF R 7] 3] 224+ 50, 100, 50022 Agetgli 7t
7+ 1,000 % RO A7 vttt

2. X =(X1,...,Xa)E AR 59 BEYFREA AAe3ich

3. Y& Table 3.13} Zo] Xx<olo] A7 Ayl AL (Siml), olx4S 7IA+ F$(Sim2), #elgt
4*(sine function) FENE 712 4-%(Sim3), F W59 AEZF(Simd)3} ] 712 W4 (Sim5) = A
BE = B gS 7HRAE AR EA BAstd F 5714 AFelA YE A ST

4. AF9 Hlgo] W B9 =& B9E 76 flste] 25419 vle2 10%, 40%% A5 1L
H3Ath 23 S5 A Z3 (propensity model) S o] 83 X7 FoIHS u] F=5E FES Vg
W& A3A5 (propensity score)E T3+ 5, A% A4y @Rt 22 oA AA 2EA 59
0%E, BTEo 2 3 5ol UmA 30%E AFsHA Fol 2E5XE B
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Table 3.1. Data structure

Mean structure Propensity model
Sim 1: linear mean function logit[P(é = 1|X)]
Y|X ~ N1+ X1,1) = —0.5X;
Sim 2: quadratic mean function logit[P(6 = 1|X)]
Y|X ~ N2+ 2X; + X7 x M, 1) =-0.5X3
Sim 3: sign mean function logit[P(é = 1| X)]

Y|X ~ N(1+ 2X; + 2sine(4X1) x M, 1) = 05X,

Sim 4: mean function with interaction logit[P(é = 1|X)]

Y‘XNN(1+X1+X2+8X1X2 ><M,].) =0.25X7 — 0.5Xo

Sim 5: mean function with 4 vars. logit[P(6 = 1|X)]

Y|X ~ N(210 + 27.4X + 13.7X5 + 13.7X3 + 13.7X4, 1) = —X1 +0.5X5 —0.25X3 — 0.1X4
FANE Yo X Aole] AAl RE & 4 97 dEel AFY, B, T HPT A
48 ERU dA2IE Aeer] YECL mepd Ao REYel MY 2l A2 A 4
% =2

ol Zaste] TAE AAFE B9E ARsh] B AW 2 44 Table 3.19] A
of M = 022 %ol thAlE ANtk 2AY selr AA WS X7b ok ofele] A3} 2o
B3 gleka A4gste] tAE ST

X
Z1—exp< 21>,

X>
(14 exp(X1)) + 10’

(XX ’
Zg—( o +0.6) :

Zy = (X2 4 X4 +20)%. (3.1)

il

Zy =

o e

ol ZE W5 AFA= BES B T2 2SR WAUSS ¢A B8 dtHo® HAga =
AA~EL o] g3 YAE AAeH= A4S wkadsit} (Kangd} Schafer, 2007). waba 2o A3 104wt

7
T 7z Yo At BAF 2-5% thAl 2ol £ A5 7HEsith

2ol 13L& shle] ARNSE Tes] v shiel AYNsE dYnase 4y =90
A, WA 235t Cheng (1994)2] 7} 543 22 T+ 225 Al AASHA Gy A
Y 32 323 gAoAs 7FeAIo AYS ALgE, tjEe S1lverman (1986) & AME-3HA
ot 2F 2~Zekol giAolAE 32 2Ze}<l(cubic spline)&

Ageia AREsTl 14 A8 B 4
9] 1/371¢] wi5< st AHHsTL 270 o4 Y wiE 42070 5 7Pé 22 Eﬂxﬂ 1ol BIEAFZL
ZHroot mean square error of individual; RMSEinq)E 7HA+= w59 7|4+E zto} o] 8313t}

2o 4E ATk the s AEES ALgste] HlEaT
1. ?jéék(bias): ;:(:} %i"%}::q’ é% T;Hjﬂ ‘—;lj; ?‘7@% %‘\'}%}\-94 5(}-0]7 Htrue — HMestimated -
2. thAIgke BaAHETLA}:

1000

~ 2
M Ein (Yrue i — Timpute z) . 2
RMSHina = 1000Z mlS) 2 (Yinwe, pute, (32)

1€mis
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3. 7 HFAFZ LA 571 (relative root mean square error; RRMSE): %2 1,00071914 25
o] WA oFoks w Fw] FHHFAFZLAHRMSEba) Bt &) A= & uf 7] FAl
%{L—?—i}(RMSEest)g %‘7}%

RMSEest — RMSEga

MSE =1
RRMS 00 x RMSEL

(3.3)

4. AFF7F Yu] F71&(relative confidence interval widths; RCIW): AZo] AR 9k3hS ul
o Hg9 95% AFFL Yu|(ClWpa) BTt 5o tiAE S wl BFY 95% AFH3E U
(CIWest)'o’] %7}"%

CIWest — CTWhq

CIWha

o] wf, Fa AFHFF YulE 1,00070 FEo et 2 % tn_1009754/ Var(n)e BFE ov|tH

Var(f)+= Var(Y)/nelt}.

AW 2] A H¥]E& (coverage rate; CR): 79 95% A= 17F 1,0007] 5 3 8= Ag 7Y

RCIW = 100 x (3.4)

o

#AgFo] 0ol 7M7he5, A BaAF2 Al e Jﬂﬁxﬂﬂlc’i} S7Hg, 283 A= Y
< Ak & 4 gtk AW A vlE-2 W 77 1,000 0] 22 0.936 %
%EQQQ%Na%ﬂﬁiimemmﬂ”ﬂ%ﬂ%A°W+

3.2. Polid Ayt

3.2.1. Po4d 1 g4} AT A8 A AAE 7HAE S 57HA vl 7SS E A
UHEY d5s vl s 4317} Table 3.290] Yepdrt. 23 l °] 10% ¥ W& FFhAlet AdS &
435t 3hd A E ALt BE PHENA o 22 S Ko, 259 vEo] 40%=E F7FsHd A
3 39 oAl EA Al 7IRkst thal] W ESY HEFo] & l ettt tia S AdS &
43 3 dAls 71e9 AdS &8st 5te ARt AFe] Fopxow, FEA Ad 3} &
EA W3 Al FE4 HE A AFET oA E2 71E HS fAR 93 Bt

[>

RMSEa & 49, Aol 3§ 729} 2o 48 oAhag 8 ~Eekel 4345 oAzt 2o
Hlgol ARGl S B 452 BTk oAZea

o} 22 RMSEwa g 7HIth Xolo] 84S 48802 Mgshn) 25
WAL B 571 Bobd £% 238 RRMSEZ AXm, 259 wgo] &

Fojzith.

X, ji
mﬂ,
op Mo ==
gt
oo
o

2
_12
£
i-l'/
Ir
N
i
o2 g
¥ J
519

RCIWE AYE #83 szl As BE A9olq 71 Agdeh. 884 A HAvIA 87
WA Az, HBA 97 sZekl ABAS UL Bl HaFALAE A AT 7

#o] 7122 Al g} Aok
A7) HAEHH A G oA WPEEL A Tl el 23 Hgo] 22
% ]

2 SRS AWelA] 1§ Holit 25 ulgo] b FRth AL A ﬁ Bl
e A7k AelA] Hlge] BASH Woldth A9 W gol 2wkt 4A 97t sl &
7 0H ~BUAN $87 2 2Zebd 4FAF DAL AN A2 L AN 1 &S Btk
3.2.2. 2ojMB 2 WHgWSs AYWLY WAL | HFAOR HA AW AL el o]
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A A7} Table 3.3 Uehdty. Ay 7
Bl o} e BFL ATk AHF e
Ade B89 RAL 1Y F2 A5 Holw
+ RMSEina Sl A 7}2‘ F2 45 S Hdnk. 259 vl&o] oh
stelthA o} chAl el 4 8% S AL PHES SEE AR Hes B
259 ngo] %% 15—% , BE A7 AMEA nlEo] FaxE AT EA HH A3
Aot FEH BF 2Fep] AR A7 7 =& AWEA v

W7t A ojakgtel oj&sty] wiwol A FFItAY B Ageked A e 4
o] A Uehgth. Wl A iete] AE vhdshA Kohe Al 3
= H%_r | io}x] A Ao %7%}04 RRMSE7} “H—Or ﬂxl ﬂﬂiﬂlxl Hjgo] IA EAE7
Z _CL 3

kg
N
— 1%
tlo
o
oo
off
%
— g

3.2.3. Ro|del 3 A<l o FElY FuTE2E vEeE volHE Adsdony
sto] thAlE AAIRE A= Table 3.4 A2lstgiet. Auisete] BAE wrgsiA ek oAz}
7P Adsel A dgken AdS E83 StHtAlE AdS o83 B a3t ofs

on) o] % e AviHo vl = RRMSEZE 7Hdth 8% AZelelo] 7]ukeh Wy So] 84
0% A4 B} £ Al HEE 0o} F2 AU vehitk. 22 DB T8 ohal
220 Wgol 12 ot 7Y HAE BED A} IR AL HolAT A0 Wlgo] Folx|

WA A ARG E T w2 AR vES 7T

3.2.4. BO|AS 4  HFTER} 13T FI3rel= 2o 49 AT} Table 3.50] Uepdth A
d Q:ﬂ°ﬂ 7]¥18t 9 S o] RRMSEZ} Al g ez 713 2t @é_/] H)gol Adglo] A = ﬂlﬂﬂ
A wgg 7M. 83 gl qm]L o2 2o dE3 28 RRMSE 3tel &4 veh=d 2
H]-&o] 40%L 2S¢ BEHARGE 2 s /M t’a‘a 2Z89 AgAs Al 23 a*a}o
ARG 22 ANEA] vE&S 7AW 25 8o ¥& uf 83 AZeRlo] AU & RRMSES
7M€ 2L st 224 diAES A ﬂﬂﬂ%zﬂiﬂr AAH o= o] WAw A 3 FAthAl
Hopbes £2 A deig 2247 9 548 2 ey 9l

3.2.5. EQI’é@ 5 vl 7o) Argige] o SP— ﬁv}
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